for measurements of biological indicators and eyewitness accounts confirm that large coseismic and postseismic surface deformation occurred over the Andaman Islands in association with the 2004 Sumatra-Andaman earthquake. Amount of uplift was as large as 1.3 m in the islands off NW coast, and decreased to ESE with a zone of subsidence in the SE Andaman. The coseismic deformation did not generate large seismic waves or tsunamis, indicating that slip was much slower than that off Sumatra. The coseismic uplift was followed by postseismic subsidence, which was evidenced by local residents to have occurred within two months after the earthquake. A simple dislocation model explains the deformation pattern by a coseismic rupture (50 km wide with its down-dip limit 130 km east of the trench axis) followed by an up-dip propagation of the rupture front for about 10 km. Citation:
Introduction
[2] The rupture area of the Sumatra-Andaman earthquake of 26 December 2004 (M w = 9.1-9.3) extended approximately 1500 km. Analyses of seismic waves [Ammon et al., 2005; Lay et al., 2005] , tsunamis [Lay et al., 2005; Neetu et al., 2005] , and crustal deformation [Subarya et al., 2006; Meltzner et al., 2006; Tobita et al., 2006] all indicate that the fault slip was as large as 30 m on the southern segment near the epicenter off Sumatra Island (Figure 1 ). However, little is known of how the rupture terminated at the northern end. A paradox is that little slip was estimated on the fault beneath the Andaman Islands from seismic waves [Ammon et al., 2005] and tsunami [Fujii and Satake, 2007] , but remote sensing and global positioning system (GPS) data indicate that the fault slip also occurred in this region Tobita et al., 2006] . Moreover, GPS data suggest that postseismic slip occurred within 1.5 months after the main shock [Subarya et al., 2006] . However, no on-site observations have previously been reported.
[3] We conducted field investigation in the Andaman Islands to collect ground-truth data related to coseismic and postseismic surface deformation. To estimate the amount of vertical deformation, we mainly focused on relative sea level changes associated with the earthquake as shown by biological indicators and described in the eyewitness accounts of local residents. Coseismic and postseismic deformation was explained by a simple dislocation model.
Methods
[4] The elevations of uplifted biological signatures (Porites microatolls and oyster beds) and shoreline positions indicated by local residents were measured during two field campaigns in March 2005 and March 2006. Elevations were measured using a total station or an auto level with respect to the sea level at the time of the survey and then converted into elevations above/below the present mean sea level (MSL) using the NAOTIDE tide prediction program [Matsumoto et al., 2000] . The amount of uplift was estimated by the elevation above the reference level for each signature.
[5] Living Porites microatolls have flat upper surfaces located at the low-water level [Subarya et al., 2006] . Consequently, these levels were used to estimate the amount of uplift caused by the 2004 earthquake. The reference elevation was the highest level of survival (HLS) of living Porites. The HLS was determined by measuring the top of living Porites at eleven sites in March 2005 and 2006, and was 83 ± 4 cm below mean sea level. This level is 24 cm above the lowest water level occurring near midday (À107 cm) and mirrors relationships documented in Sumatra [Zachariasen, 1998] . Differences in the elevations of the upper levels of dead uplifted and living oyster beds were also measured. This is another biological indicator of the amount of uplift, but as the upper level of the oyster beds fluctuated by ±10 cm, the error using this indicator is greater than that for the microatolls.
[6] Local residents were interviewed regarding timeseries changes in the shoreline position during the spring high tide (highest high water level: HHWL) at new/full moons on the survey date, and before and just after the earthquake. Only individuals who lived at the shore and knew and checked the shoreline every day were interviewed. The variation among interviewees were ±10 cm at each point. A high-tide marker placed by residents on the survey date was used as the reference level. The earthquake (26 December 2004) took place during a period of comparatively high tides, but the tide level on this date was 25 cm lower than the highest annual level; therefore, the reference level just after the earthquake was 25 cm lower than the general reference.
[7] A simple dislocation fault model [Okada, 1985] in a homogeneous, elastic half space was used to calculate vertical displacements due to both co-and postseismic slip on the plate interface. Amount of slip is assumed to be uniform over both co-and postseismic ruptures. Secular vertical movements due to interplate coupling during interseismic periods were calculated by using the conventional ''back-slip'' model [Savage, 1983] and were found to be negligible (<10 mm/yr) for modelling postseismic deformation in the Andaman Islands. The calculated pattern of vertical displacements is sensitive to the geometry of plate interface. However, the geometry of the Wadati-Benioff zone beneath the Andaman Islands has been poorly constrained because of the lack of local seismic networks. We therefore used aftershock data observed with an oceanbottom seismographic (OBS) network in the southern part of the 2004 source area [Araki et al., 2006] to determine the geometry of plate interface. Although the area of the OBS observation is far from the Andaman region, sea-floor topography of these two areas is quite similar. We employed a simple elastic plate model [Watts, 2001] and fitted it to the aftershock distribution data. The model fit at shallow depths (< 50 km) is quite good although the deeper geometry is not well constrained.
Coseismic and Postseismic Deformation

Distribution of Vertical Deformation
[8] Biological signatures of coseismic uplift are widely observable in the North and Middle Andaman Islands. Three months after the earthquake, we found recently dead, flat-topped corals (Porites microatolls) on the islands of North Reef and Interview. These corals were exposed above the low-water level (Figure 2) , with their upper surfaces at the same elevation (47 ± 3 cm above mean sea level, Table S1 in the auxiliary material 1 ). These corals were most likely emerged at the time of the 2004 earthquake. Emerged microatolls were also observed at the same level (48 ± 2 cm) at the northern coast of Interview Island, 9 km south of North Reef Island. From the level of the microatoll surface above the present highest level of survival (HLS = 83 cm below mean sea level) of the same coral species, we estimated that an uplift of 1.3 m occurred (Figure 3 ). The amount of uplift decreased to 1.1 m on the eastern side of Interview Island.
[9] Differences in the elevations of the upper levels of living and dead oyster beds were also measured. The estimated amount of uplift decreased to 0.8 m along the Austen Strait, 0.7 m at Mayabunder on the east coast of northern Middle Andaman, and 0.6 m at Diglipur. Our estimates based on biological indicators were checked using on-site GPS measurements at Diglipur. The amount of uplift between 2004 and April 2005 was measured by GPS as 63 cm [Earnest et al., 2005] and then recalculated as 60.1 cm (K. Rajendran, personal communication, 2005) . This value matches well with our estimate of 63 cm based on the oyster beds measurement. Farther to the southeast is a broad zone of subsidence with its axis near Port Blair [Singh et al., 2006; Malik and Murty, 2005] .
[10] Figure 3 illustrates the distribution of vertical deformation in the Andaman Islands based on our observations with reference to a general survey by the Geological Survey of India [Ray and Acharyya, 2005] . The contour lines of coseismic uplift extend in the NNE -SSW direction, passing obliquely through the Andaman Islands. This direction represents the strike of the rupture surface that extends beneath the Andaman Islands. The area of large uplift is localized along the northwest coast of the Andaman Islands, suggesting that the leading edge of the rupture was not far from the coast. This coseismic surface deformation indicates that the fault beneath the Andaman Islands did slip at the time of earthquake. Because seismic wave or tsunami analyses indicate little slip here [Ammon et al., 2005; Fujii and Satake, 2007] , the rupture process must be too slow to generate these waves.
Postseismic Deformation
[11] Eyewitness accounts of local residents living on the shores of Middle Andaman Island indicate postseismic subsidence following coseismic uplift. We interviewed local residents at three sites in Mayabunder and one site on Interview Island regarding temporal changes in the shoreline position. Some noted that the shoreline receded at the time of the earthquake and subsequently returned gradually without reaching its pre-earthquake position. All informants reported the same general trend, i.e. large oceanward retreat of the shoreline immediately after the earthquake followed by landward transgression ( Figure S1 ).
[12] At Mayabunder, we estimated a coseismic uplift of 1.0 m and postseismic subsidence of 0.3 m with an error of 0.1 m (Figure 4a and Table S2 (Table S2 ).
Up-Dip Propagation of the Rupture Front
[13] We fitted the dislocation model to the observed data to infer the rupture extent and slip amount. The coseismic rupture is about 50 km wide with its down-dip limit 130 km east of the trench axis at a depth of 23 km. The amount of dip slip on it is 6.2 ± 1.2 m (Figure 4b ). It is noteworthy that the rupture surface beneath the Andaman Islands is nearly identical in extent and depth to the locked plate interface off central Sumatra [Sieh et al., 1999] .
[14] The coseismic rupture ended up-dip beneath the western coast of Middle Andaman, which generated the large surface uplift in a zone from North Reef Island (NR) to Mayabunder (MB). The observed postseismic deformation is best explained by up-dip propagation of the rupture front for about 10 km as illustrated by Figure 4b . The dislocation model predicts that as the rupture front propagates up-dip, the large uplift area shifts toward the trench, and postseismic subsidence occurs in the zone from NR to MB, while Port Blair (PB) remains almost stable. The observed large uplift followed by subsidence on Interview Island (II) and in MB, and the coseismic subsidence in PB is explained by this up-dip propagation of the rupture front.
[15] Alternative mechanisms for such rapid subsidence include viscoelastic relaxation in the asthenosphere and poroelastic relaxation due to pore-fluid flow in the upper crust [Jónsson et al., 2003] . Both mechanisms predict postseismic uplift in areas that have subsided coseismically. However, the tide gauge record at Port Blair did not indicate such postseismic uplift. Comparison of far-field (continuous) and near-field (campaign) GPS data also suggests postseismic up-dip propagation, but cannot confirm it due to the lack of data close to the trench [Subarya et al., 2006] . Since the 2005 Nias-Simeulue earthquake, similar postseismic deformation with a decay time of 1.5 months has been detected by near-field GPS observations and has been attributed to up-dip propagation of the rupture front [Briggs et al., 2006] .
[16] The up-dip limit of the 2004 coseismic rupture seems to be controlled by the presence of a shallow, unconsolidated, accretionary wedge [Moore et al., 1982] (Figure 4b ). Shallow accretionary wedges are generally aseismic [Byrne et al., 1988] and are floored by detachment faults, the behaviour of which is not fully understood [Moore and Vrolijk, 1992] . Creep slip on a shallow detachment in the Sunda subduction zone off central Sumatra was suggested by Sieh et al. [1999] , but has not been fully evidenced by observations. Our observations, however, suggest that massive faulting at seismogenic depths triggers slow postseismic slip on a detachment fault.
